Introduction
[2] The westernmost Indo-Pacific Warm Pool (IPWP) is adjacent to two of the largest Indonesian Islands, Sumatra and Java, and displays contrasting seasonal characteristics at the sea surface and in the lower atmosphere [Tapper, 2002; Gordon, 2005] . During the SE monsoon (boreal summer), southeasterly winds bring cool, nutrient-rich waters up to the surface along the southern coast of Java and Sumatra. These conditions reverse during the NW monsoon (boreal winter) [Susanto and Marra, 2005] . These contrasting seasonal features are recorded by sediment traps deployed off southern Java [Rixen et al., 2006; Mohtadi et al., 2009; Romero et al., 2009] . The highest particle fluxes during the SE monsoon season are caused by the enhanced primary production driven by upwelling of cold and nutrient-enriched water, while relatively high fluxes of organic carbon during the NW monsoon season are attributed to phytoplankton blooms triggered by increased riverine nutrient input [Rixen et al., 2006] .
[3] One critical issue about reconstructing the paleoproductivity variations in the westernmost IPWP during the late Quaternary is determining how the variability in the atmospheric and hydrographic conditions influenced productivity [Holbourn et al., 2005; Moreno et al., 2008; Lückge et al., 2009] . Long-and short-term studies of paleoenvironmental conditions along the southern coast of Sumatra and Java show contrasting results. Lückge et al. [2009] demonstrated that the intensity of coastal upwelling and enhanced paleoproductivity have been related to periods of increased boreal summer insolation and strong SE monsoon influence off SW 1 Figure 1 Sumatra during the last 300 ka. However, in a shorter timewindow, Murgese et al. [2008] could not identify obvious and persistent upwelling conditions offshore Sumatra over the last 35 ka. Studies of diatom paleoproductivity changes during the last glacial-interglacial cycle from the low-latitude eastern Indian Ocean are still lacking. Such studies may provide insightful information on how surface hydrographic processes (e.g., upwelling intensity, nutrient availability, variation of mixed layer depth) and changes in atmospheric conditions shaped variations of marine primary productivity in low-latitude coastal environments during the late Pleistocene [e.g., Romero et al., 2008 Romero et al., , 2011 .
[4] To assess paleoproductivity changes in the westernmost IPWP, we extend on Mohtadi et al. [2010] and study variations of diatom production during the past 130,000 years at site GeoB10038-4, collected off southern Sumatra (Figure 1 ). Our study focuses on comparing diatom valve concentrations with quantitative shifts in the species composition, and resolves glacial-interglacial variations of the paleoproductivity of diatoms and its relation with the monsoon system, upwelling intensity, and nutrient (silica) availability.
Regional Setting

Atmospheric and Oceanographic Circulation
[5] During the present-day austral summer, the southerly position of the ITCZ and the dominance of the NW monsoon allows for the transport of large amounts of moisture by crossing SE Asia and the Indonesian seas, which results in heavy rains over Sumatra and Java [Tapper, 2002] . The SE monsoonal winds originate from the Southern Hemisphere high-pressure belt during the austral winter and are relatively dry and cool when reaching the western Indonesian Archipelago [Tapper, 2002] .
[6] As described for the present-day atmospheric circulation, ocean currents of the SE Indian Ocean in the vicinity of Sumatra and Java also display contrasting seasonal features. As a direct consequence of the combination of basin-scale wind-forcing and the Indonesian Throughflow (ITF) [Godfrey and Golding, 1981] , the South Equatorial Current (SEC, Figure 1a ) flows westward between about 10 and 20 S. During the NW monsoon season (austral summer), the South Java Current (SJC, Figure 1a) , derived from the Equatorial Counter Current (ECC, Figure 1a) , flows toward the southeast to meet the Leeuwin Current (LC, Figure 1a ) [Tomczak and Godfrey, 1994] , and sea-surface salinities are lowered ($32‰) due to the intense monsoonal rains in the region . By contrast, the SJC tends to be weakened in the austral winter and, especially near the coring site, a throughflow of water from the Java Sea passes through the Sunda Strait (Figure 1a ). These waters are more saline (34.2-34.4‰) due to the absence of monsoonal rains (Figure 1a ).
[7] The ITF, the only present-day, low-latitude oceanic connection between the major ocean basins, enters the Indian Ocean through a series of straits in the Indonesian Seas ( Figure 1a) . A large amount of warm, fresh water from the Pacific is transferred to the Indian Ocean, affecting both the regional circulation and thermal structure . The ITF branch, flowing through the Lombok Strait (Figure 1a) , also reduces the sea-surface temperature depression off South Java during the upwelling seasons compared to periods immediately before and afterwards [Gordon, 2005] . Throughout the year, the advection of both fresher waters from the Java Sea through the Sunda Strait ( Figure 1a ) and run-off from Sumatra and Java are responsible for the low-salinity "tongue" in the SJC . This thick barrier layer that impedes cold thermocline water from entering the mixed layer off Sumatra explains why the thermocline off Sumatra and Java is shallower compared to other eastern boundary upwelling areas .
[8] North Pacific Subtropical Waters dominate the upper thermocline of the Makassar Strait and Banda Sea. The saltier South Pacific Subtropical Water does not spread into the upper thermocline of the Banda Sea from its entrance portal in the Halmahera Sea [Gordon, 2005] . Within the lower thermocline, the North Pacific Intermediate Water dominates the Makassar Strait, but the South Pacific influence is somewhat more pervasive in the eastern seas. There appears to be some seasonality in the distribution of the water masses, with a lesser amount of North Pacific waters, and a greater amount of South Pacific thermocline water during the NW monsoon [Gordon, 2005] .
Present-Day Source and Dynamics of Nutrients off Southern Sumatra
[9] An important characteristic of present-day surface waters overlying site GeoB10038-4 is the low nutrient content [Gordon, 2005] . This leads to moderate nearshore, surficial biological productivity in the vicinity of the Sunda Strait (Figures 1b-1e ) where core GeoB10038-4 was collected. The present-day distribution of chlorophyll and silica in surface waters off southern Sumatra follows the seasonal monsoon dynamics (Figures 1b-1i ). During austral winter (SE monsoon), waters overlying site GeoB10038-4 are characterized by high chlorophyll concentrations (0.3-0.5 mg m À3 , Figure 1d ) and the highest silica concentrations (up to 6 mmol l À1 , Figure 1h ). This corresponds well with the Ekman offshore transport along the coast of SW Sumatra inducing upwelling of nutrient-rich waters from deeper layers into the euphotic zone [Hendiarti et al., 2004] . During the NW monsoon season (austral summer), the chlorophyll concentration remains below 0.2 mg m À3 over site GeoB10038-4 (Figure 1b) , and the content of silica in surface waters decreases to 4-5 mmol l À1 (Figure 1f ). Lowest chlorophyll and silica concentrations are seen during the Figure 1 . (a) Location of core site GeoB10038-4 (black star) and sediment trap site JAM (black dot) [Romero et al., 2009] , with the main oceanographic surface currents (black dashed arrows) and main geographic locations mentioned in the text. Seasonally averaged concentration of chlorophyll a (mg m À3 ) for (b) January-March, (c) April-June, (d) July-September, and (e) October-December from the years 1998-2009 in 9 by 9 km resolution (Goddard Space Flight Center, http://oceancolor. gsfc.nasa.gov/SeaWiFS/). Seasonally averaged concentration of surface silicate (mmol l À1 ) for (f) January-March, (g) AprilJune, (h) July-September and (i) October-December in 1 by 1 degree resolution (source: World Ocean Atlas, 2005, http:// www.nodc.noaa.gov).
intermonsoon season from April through May (Figures 1c  and 1g) , while values are still high between October and December (Figures 1e and 1i ), due to nutrient-rich conditions occurring after the SE monsoon season [Hendiarti et al., 2004] .
[10] The availability and concentration of silicic acid (predominantly in the form of H 4 SiO 4 ) is a critical factor in diatom cell division and growth [Ragueneau et al., 2000] . In marine environments, the rate of silica uptake is controlled primarily by the concentration and supply of inorganic silica to the surface ocean. It is apparent that peak rates of absolute silica uptake by diatoms occur only at silica concentrations greater than $1-2 mmol l À1 [Ragueneau et al., 2000] . Below this value, diatom growth appears limited by substrate concentration, with mean integrated absolute uptake rates <1 mmol m À3 d À1 for areas where silica is <2 mmol l À1 .
[11] Off southern Java and Sumatra, the influence of riverine nutrient input seems limited to the shelf and the uppermost slope. Hendiarti et al. [2004] observed that maximum sediment transport caused by strong input of freshwater discharges occurs during the transition phase between the rainy and dry seasons (March and April). During peak rain events the chlorophyll concentration in surface waters increases only near river mouths, suggesting the spatial influence of riverine nutrient discharge is limited to the closest coastal area of southern Sumatra and Java [Hendiarti et al., 2004]. 3. Materials 3.1. Gravity Core GeoB10038-4
[12] Gravity core GeoB10038-4 was collected in the Mentawai Basin off SW Sumatra during the RV Sonne Expedition 184 [Mohtadi et al., 2010, and references therein] . The drill site is located at 5 56.25′S, 103 14.76′E (1819 m water depth, Figure 1 ).
[13] For the upper 280 cm ($33 ka) of GeoB10038-4, the age model is based on six AMS 14 C age control points with linear interpolation between two consecutive 14 C dates [Mohtadi et al., 2010] . The age model for the remaining period between ca. 130 and 33 ka is based on six tie points between the benthic isotopic record and the LR04-Stack [Lisiecki and Raymo, 2005] Mohtadi et al., 2010, Figure 3] . The last appearance of Globigerina ruber pink at 836 cm core depth corresponds to 120 ka [Thompson et al., 1979] and the existence of a 2-cm thick ash layer at 508-509 cm core depth corresponds to $74 ka, which most likely represents the younger Toba eruption [Oppenheimer, 2002] , represent additional support for the age model of GeoB10038-4. The sedimentation rate was relatively constant ranging between 5 cm ka À1 (MIS 5.4) and 10 cm ka À1 (MIS 1) with an average of $8 cm ka À1 [Mohtadi et al., 2010] .
Surface Sediments
[14] Surface sediment samples were collected off southern Sumatra and Java with a multicorer during the RV Sonne Expedition 184 [Mohtadi et al., 2007, and references therein] . For the diatom analysis reported here (Tables 2 and 3) , only the uppermost centimeter (0-1 cm) of undisturbed surface sediment has been used.
Methods
Diatom Studies
[15] For diatom studies in surface and downcore sediments, samples of ca. 1.0 cm 3 were taken at MARUM (University of Bremen, Bremen, Germany). The gravity core GeoB10038-4 was sampled every 2 cm. The temporal resolution on average is 330 yr/sample for the entire core. Both surface and downcore sediment samples were freeze-dried and were prepared following the method proposed by Schrader and Gersonde [1978] . Qualitative and quantitative analyses were done at Â1000 magnification using an Olympus®BP41 microscope with phase-contrast illumination. Counts were carried out on permanent slides of acid cleaned material (Mountex® mounting medium). Several traverses across each slide were examined and, depending on valve abundances, between ca. 400 and 1000 valves per slide were counted. The counting of replicate slides indicates that the analytical error of the concentration estimates is ≤15%. The counting procedure and definition of counting units followed those proposed by Schrader and Gersonde [1978] .
[16] The description of the state of valve preservation ( Figure 2b ) provides additional information for assessing the significance of the statistical analysis (see section 4.2.), as selective preservation may bias the results and the interpretation of the diatom signal. Following observations with light microscopy, three main states of valve preservation were defined as follows: (1) good: no significant enlargement of the areolae or dissolution of the valve margin; (2) moderate: valves show areolae enlargement, dissolution of the valve margin and valve fragmentation; and (3) poor: strong dissolution of the valve margin and areolae enlargement [Romero et al., 2011] . In addition, two intermediate states of dissolution characterize valves whose state of preservation does not fully fit the three above mentioned categories: good/moderate (good preservation predominates over moderate preservation) and moderate/good (moderate preservation predominates over good preservation).
Principal Components Analysis
[17] Principal component analysis (PCA) is a statistical multivariate method used for the diatom species of GeoB10038-4 that expresses the data in such a way as to highlight their similarities and differences. PCA is useful when some redundancy among the large number of variables (the diatom species at GeoB10038-4) seems to occur. In this case, redundancy means that the temporal occurrences of some variables are correlated with one another, possibly because they reflect the same construct (in this study, paleoconditions in the westernmost IPWP).
[18] In reality, the number of components extracted in a PCA is equal to the observed number of variables being analyzed. Generally, however, only the first few components account for meaningful amounts of variance, so that only these first few components were retained, interpreted, and used in subsequent analyses of the diatom assemblage of GeoB10038-4 (see Table 1 ). After the PCA has been performed, the resulting data (groups of diatoms) are expressed Figure 2 in such a way as to highlight their similarities and differences (Figures 2c-2g ). The first component extracted (in this study, diatom group 1) accounts for a maximal amount of total variance in the observed variables. The second component extracted will have two important characteristics. First, this component accounts for the second highest maximal variance in the data set that was not accounted by the first component. Again under typical conditions, this means that the second component will be correlated with some of the observed variables that did not display strong correlations with component 1.
[19] Out of 199 diatom species identified in 390 samples in core GeoB10038-4, the 29 most abundant diatom species were included in the PCA. The average relative contribution of each one of these 29 species exceeds 1% for the entire studied period (0-130 ka) and contributed on average up to 74.38% of the total diatom assemblage. The PCA on the relative abundance (%) of 29 species of GeoB10038-4 was carried out using the software SPSS (Version: 15.0.1, http:// support.spss.com). The PCA of the diatom data set of GeoB10038-4 results in five factors (diatom groups, Figures 2c-2g), which account for 81.42% of the original variance (Table 1 ).
Spectral Analysis
[20] Spectral analysis was performed on the total diatom concentration and diatom groups 1, 2, 3 and 5 for the entire studied period at site GeoB10038-4 (0-130 ka). Due to its weak downcore temporal variability (Figure 2f ), diatom group 4 was excluded from this analysis. Redfit 3.8 [Schulz and Mudelsee, 2002] was used to decipher information from the diatom record in the frequency domain on the whole time series (0-130 ka). Redfit 3.8 bases on a Lomb-Scargle Fourier transform combined with a Welch-Overlapped SegmentAveraging procedure for consistent spectral estimates [Schulz and Mudelsee, 2002] . By working with unevenly spaced time series, Redfit 3.8 avoids the tapering of high frequencies and the estimation of the red-noise spectrum, which allows the identification of significant frequencies [Schulz and Mudelsee, 2002] . Spectral analysis of GeoB10038-4 diatom data was Factor scores for analysis on 390 samples using 29 diatom taxa with average abundance ≥1.0% of total diatom assemblage at site GeoB10038-4 for the last 130 ka. Bold values indicate dominant species within each factor (Loadings >0.700). For the representation of the downcore variation of the relative contribution of each factor (Group), see Figure 2 .
performed with 1000 Monte-Carlo simulations, an oversampling factor of 4 for the Fourier transform, four segments with a 50% overlapping, and a Welch window-type.
Results
Variations of Total Diatom Concentration
[21] Throughout the last glacial-interglacial cycle, total diatom concentration at site GeoB10038-4 varies on both the glacial-interglacial and the millennial and sub-millennial timescale (Figure 2a) . The concentration of diatoms ranges between 1.34 Â 10 5 and 2.44 Â 10 7 valves g À1 (average for the entire study period = 5.59 Â 10 6 valves g À1 ).
Highest diatom values are observed during MIS 5.5, 5.3, 5.1 and MIS 1: maxima occurred between 123 and 108 ka, 97-93 ka, 81-77 ka, 16-14 ka, 12.5-10 ka, 9.5-8.5 ka and 6-3 ka. Lowest total diatom concentration is seen between 99 and 88.5 ka and throughout most of MIS 2 until ca. 19 ka. Diatom accumulation rate (not shown here) follows the same temporal pattern as described for the total diatom concentration. At site GeoB10038-4, the diatom concentration (Figure 2a ) exhibits strong variations on millennial and sub-millennial timescales during MIS 5 and MIS 1.
[22] Between $17.3 and 97 ka variable amounts of different sized fragments of the giant diatom Ethmodiscus sp. are preserved in the sediment of site GeoB10038-4. Independent of the size of the fragments, their concentration is highest between 17.3 and 25 ka, and 31 and 44.5 ka, moderate between 46 and 56 ka, and lowest between 60.5 and 97 ka. Since the concentration of preserved broken valves of Ethmodiscus is not easily quantifiable [Romero and Schmieder, 2006] , it is assumed that in the time-intervals where fragment concentration ranges from moderate to high, the total diatom concentration at site GeoB10038-4 has been underestimated.
[23] The preservation of valves at site GeoB10038-4 varies in the millennial and sub-millennial time scales, and shows no clear correlation with variations of the total diatoms concentration (Figures 2a and 2b) . Preservation is mostly good/ moderate for MIS5 until ca. 80 ka, and between 42 ka and 6 ka, while is moderate between 80 ka and 42 ka, and during the late Holocene.
The Species Composition of the Diatom Assemblage
[24] The preserved diatom community at site GeoB10038-4 is composed of 199 identified species. Due to the high diversity of the diatom assemblage, and in order to summarize the paleoecological information delivered by the main diatom contributors, we applied PCA on the relative abundance (%) of the 29 most abundant diatom species (see subsection 4.2.). The first five factors (diatom groups) describe 81.42% of the total variance (Table 1 and Figures 2c-2g ). As described above for the variability of the total diatom concentration, the relative contribution of all diatom groups varies strongly from glacials to interglacials as well as on millennial and submillennial timescales.
[25] The PCA for group 1 (Figure 2c ) describes $27.5% of the total variance and is predominantly composed of pelagic diatoms (Alveus marinus, Azpeitia barronii, Azpeitia nodulifera, Fragilariopsis doliolus, Rhizosolenia bergonii, Roperia tesselata, Thalassiosira ferelineata, and Thalassiothrix longissima) accompanied by the coastal Cyclotella litoralis. Highest relative contribution of group 1 occurs between 128 and 126 ka, 54 and 33 ka, and 23 and 14 ka (Figure 2c) .
[26] Species of open-ocean, oligo-mesotrophic, warm waters, such as Nitzschia bicapitata, Nitzschia interruptestriata, Planktoniella sol, and the tycoplanktonic Paralia sulcata, build Group 2, which describes 23.7% of the total variance (Figure 2d ). Group 2 is highest between 117 and 98 ka (MIS 5.4), 92-88 ka (MIS 5.2) and 78-68 ka (MIS 5.1 into early MIS 4), 33-17 ka (MIS 2) and from 10 ka into the late Holocene (Figure 2d) .
[27] Coastal Thalassionema nitzschioides var. nitzschioides, resting spores (RS) of Chaetoceros compresus, and an unidentified resting spore together with the pelagic Thalassionema nitzschioides var. parva have the highest species scores for group 3 (13.9% of the total variance). The highest percentages of Group 3 occur during early MIS 5, mid-to-late MIS 5 (between 94 and 74 ka), and from ca. 8 ka until late Holocene (Figure 2e ).
[28] Group 4, composed by species typical of pelagic waters such as Actinocyclus octonarius, Thalassionema frauenfeldii and Thalassionema bacillare, describes 9.4% of the total variance. Relative concentration of group 4 is highest between 67 and 58 ka (Figure 2f ). Group 5, a coastal assemblage dominated by RS of Chaetoceros affinis, describes 6.9% to the total variance and peaks mainly during MIS 5 (123-118 ka and 85-82 ka, with a secondary maximum between 96 and 92 ka), late MIS4 (59 ka), late MIS3 (between 37 and 33 ka) and early MIS 1 (14-11 ka) (Figure 2g ).
Spectral Analysis
[29] For the total diatom concentration of core GeoB10038-4, the spectral analysis reveals spectral power concentrated at 13 ka and $$23 ka periods (99% level, Figure 3a) . A $20 ka period is significant at the 90% level for diatom group 1 (Figure 3b ), while periodicities ranging 12-13 ka are significant for groups 2 and 5 at the 90% level (Figures 3c and 3e) . No clear periodicity is seen in the temporal distribution of group 3 (Figure 3d ).
Discussion
Assessing the Possible Effect of Dissolution on the Diatom Community at Site GeoB10038-4
[30] In order to test the possible bias in the paleosignal of the diatom community preserved at site GeoB10038-4, we compared the downcore record with that generated by a 2.5-year sediment trap study at the site JAM off SW Java (ca. 08 S, 108 E, Figure 1a ) [Romero et al., 2009 ] as well as with new results from nearby surface sediment locations (Tables 2 and 3) . At the JAM site, the diatom flux closely follows the temporal flux pattern of opal and organic carbon off SW Java (Figure 4) . The dependence of the diatom production on the latitudinal migration of the monsoon system and the seasonal occurrence of upwelling is well mirrored by the temporal flux pattern: almost 70% of the total yearly diatom flux is intercepted during the SE and NW monsoon seasons [Romero et al., 2009] . The ca. four-to-six weeks lag between the maximum values of silica measured in the uppermost water column and the highest total diatom flux during the SE monsoon season (Figures 4a  and 4c ) is attributed to the time lag needed by the valves, built in surface waters, to reach the trap cups at ca. 1,900 m water depth [Romero et al., 2009] . The occurrence of a unique, moderate diatom maximum during the second half of the NW monsoon season possibly relates to low silica content in surface waters in February-March (Figure 1f) .
[31] The highly diverse downcore diatom community at site GeoB10038-4 (subsection 5.2.) closely resembles the species composition of both present-day and surface sediment communities (Table 2) . Differences in the average relative abundance of diatom groups among the sediment trap, and surface and downcore sediments (Table 3 ) are better explained by the different time length encompassed by each record: surface sediment samples average between 250 and 600 years and represent the latest Holocene [Mohtadi et al., 2011a] , while average values for the entire GeoB10038-4 downcore record correspond to the last 130 ka. Taken together, both sediment records are longer than the time window covered by the sediment trap experiment at site JAM. Though at first glance the relative abundances of downcore and surface sediments seem to differ, the average relative contribution of the diatom groups in the uppermost studied core sample (2 cm depth, age = $230 years) at site GeoB10038-4 resembles those of the nearby surface sediment locations (Table 3) , demonstrating the good match between the youngest section of core GeoB10038-4 and the surface sediment locations off southern Sumatra and Java.
[32] The 2.5-year sediment trap study at the JAM site also allows the accurate characterization of seasonal and interannual dynamics of diatom species off SW Java. Wellsilicified diatom species of group 1 (Table 2) have their highest contribution during the early and late stages of the main upwelling seasons [Romero et al., 2009] when the seasurface temperature and the mixed layer (ML) depth increase [Susanto et al., 2006] . Diatoms of group 2 mainly occur in the early or late stages of the NW and SE monsoon seasons [Romero et al., 2009] , corresponding to periods of weak upwelling and nutrient-depleted waters, when the ML depth is still deep or deepens again after the period of most intense upwelling [Susanto et al., 2006] . Weakly silicified valves of N. bicapitata, one of the main contributors to group 2 in both the sediment trap and sediments, are easily dissolved on their way from surface waters toward the ocean bottom and hence are mostly underrepresented in sediments (for a world-wide revision see Romero and Armand [2010] ). Although the preferential dissolution of N. bicapitata valves might have biased the downcore signal of group 2 at site GeoB10038-4, N. interruptestriata and T. nitzschioides var. inflata -the other main species contributing to this group -are well represented in surface and downcore sediments along the southern coast of Sumatra and Java. Therefore, the strong temporal variations of group 2 (Figure 2d ) are interpreted to reflect changes Figure 3 . Spectral analysis of the (a) total diatom concentration, (b) diatom group 1, (c) diatom group 2, (d) diatom group 3, and (e) diatom group 5 records at site GeoB10038-4 using the software program REDFIT [Schulz and Mudelsee, 2002] . Red line: 99%-Chi 2 ; blue line: 90%-Chi 2 . See Table 1 for the species composition of the diatom groups.
in the variability of the intermonsoon intensity in the westernmost IPWP for the last glacial-interglacial cycle.
[33] Typical of highly productive coastal upwelling regimes of low-to-mid latitude oceans [Romero and Armand, 2010] , spores of Chaetoceros (group 5) contribute the most to the trap assemblage off SW Java during the second half of the SE monsoon season [Romero et al., 2009] following the shoaling of the ML and the occurrence of nutrient-rich surface waters [Gordon, 2005; . The coastal T. nitzschioides var. nitzschioides -the main contributor to group 3 -dominates the diatom assemblage in the coastal waters of southern Java mainly during the NW monsoon when freshwater discharge increases and upwelling weakens [Romero et al., 2009 , and references therein]. Actinocyclus curvatulus Janisch X X X X X X ---X (5) Actinocyclus octonarius Ehrenberg X ---X X X X ---X (4) Alveus marinus (Grunow) Kaczmarska and G. Fryxell
Azpeitia barronii G. Grxell and T. P. Watkins
Azpeitia nodulifera (A. Schmidt) G. Fryxell and T. P. Watkins
Azpeitia tabularis (Grunow) G. Fryxell and T. P. Watkins
Medlin and Sims
The number in parentheses indicates the corresponding diatom group built by Principal Component Analysis (see Table 1 ). An "X" means the species is present, and dashes mean it is absent.
b Romero et al. [2009] . [34] Except for the differential dissolution of N. bicapitata (group 2), the downcore composition of the diatom assemblage at site GeoB10038-4 mostly resembles surface ocean conditions off southern Sumatra (Table 3 ). In view of these observations, we conclude that diatoms are a reliable tool for reconstructing past variations of the upwelling intensity and the siliceous paleoproductivity in the SE Indian Ocean.
Variations of Diatom Paleoproductivity off Southern Sumatra
[35] Changes in sedimentation rate, which could significantly alter the preservation of valves, were relatively small in core GeoB10038-4 [Mohtadi et al., 2010] . Because the average valve preservation varies independently of the diatom concentration (Figures 2a and 2b ) and dissolution has no significant effect on the species composition of the preserved diatom assemblage at site GeoB10038-4 (see subsection 6.1.), the variations in total diatom concentration off southern Sumatra are interpreted to reflect changes in diatom paleoproductivity during the last 130 ka.
[36] The high-resolution record generated at site GeoB10038-4 represents the first diatom reconstruction from the tropical-subtropical ocean with the highest diatom productivity occurring during interglacial intervals. The few available records from low-latitude coastal areas show diatom productivity to be highest during full glacials [Abrantes, 2000; Nave et al., 2003] . Increased land aridity, intensified trade winds, and the offshore spreading of the coastal upwelling waters caused by the 120 m lower sea level have been advocated as preferred explanations for the highest diatom paleoproductivity during glacials [Abrantes, 2000; Nave et al., 2003] .
[37] Owing to the presence of vast areas of shallow seafloor in the Indonesian Archipelago [Bird et al., 2005] , it has been suggested that past sea level changes had significant hydrographic implications in the westernmost IPWP [Holbourn et al., 2005; Moreno et al., 2008; Lückge et al., 2009] . Sea level low-stands yielded increased shelf-to-slope lithogenic transport, particularly noticeable during the last glacial maximum when sea level dropped by about 125 m [Waelbroeck et al., 2002] (Figure 5a ), which doubled the exposed land of the Indonesian Archipelago [De Deckker et al., 2003] . Our GeoB10038-4 record, however, suggests that glacial sea level low-stands weakly impacted total diatom productivity off southern Sumatra (Figures 5a and 5b) . Based on maxima of the total diatom concentration during sub-stages of MIS 5 ($114-130 ka, $95-105 ka, and $83-78 ka), and from the late deglaciation into the Holocene (Figures 2 and 5) , we speculate that the influx of terrigenous material during full interglacials, following the glacial exposed Sundaland [Bird et al., 2005] , might have acted as an additional source of nutrients delivered to the uppermost water column overlying site GeoB10038-4. Our interpretation is also supported by the similar trends in global sea level variations [Waelbroeck et al., 2002] and the total diatom concentration at GeoB10038-4 (Figures 5a and 5b) .
[38] In addition to the effect of the interglacial sea level highstands on the diatom paleoproductivity, the 13 ka and the $23 ka cycles recorded by the total diatom concentration (Figure 3a) suggest that diatom paleoproduction also responded to a Northern Hemisphere precession-driven insolation forcing. The linkage between boreal summer insolation and total diatom paleoproduction along southern Sumatra, however, is not linear and seems to be more conspicuous during the interglacial MIS 5 (R = 0.69; Figure 5 ). In a longer record (the last 300 ka) in the vicinity of our GeoB10038-4 record, the almost linear response of total organic carbon content off southern Sumatra to Northern Hemisphere summer insolation has been interpreted to reflect the monsoonal control on marine productivity in the eastern equatorial Indian Ocean [Lückge et al., 2009] . Similarly, Mohtadi et al. [2011b] suggested the boreal summer insolation has driven the intensity of upwelling and the monsoon strength off southern Java for the last 22 ka. However, the influence of the Northern Hemisphere insolation at site GeoB10038-4 is more clearly mirrored by the temporal variability of the two main diatom groups ( Figure 5 ).
Paleoceanographic Significance of Species Shifts at Site GeoB10038-4
[39] The temporal distribution of the diatom groups does not allow for the identification of a unique dominant group during periods of diatom maxima (Figure 2 ). Different hydrographic and atmospheric conditions along the southern coast of Sumatra are invoked as a possible explanation. The good match between the temporal distribution of upwellingrelated of diatoms (group 5) and maximum values of the boreal summer insolation from late MIS 5 through early MIS 1 (Figures 5c and 5e) shows the close correspondence between diatom production during the SE monsoon season and the low-latitude boreal summer insolation. The full and half precessional cyclicity of group 5 (Figure 3e ) supports this interpretation. The high positive correlation between group 5 and the total diatom concentration (Table 4 ) and the present-day analog provided by a sediment trap study from the southern Java coast [Romero et al., 2009] suggest that mechanisms on longer timescales resemble those driving the present-day upwelling seasonality along the southern coast of Sumatra and Java [Tapper, 2002; Gordon, 2005; Susanto et al., 2006] . The close correspondence between the dominance of diatoms that are abundant in highly productive waters (group 5) and the boreal summer insolation (R = 0.78) suggests that, in addition to sea level changes that are the primary control of the total diatom production, the seasonality of diatom production is controlled by the Northern Hemisphere summer insolation.
[40] The weak cyclicity of diatoms in group 3, an indicator of the influence of the NW monsoon season at the JAM trap site [Romero et al., 2009] , does not allow for a straightforward interpretation of its paleosignal. Groups 3 (NW monsoon) and 5 (SE monsoon) are both well correlated with the total diatom concentration throughout the last glacial-interglacial cycle (Table 4) , and do not appear to be differentially affected by dissolution along southern Sumatra (Table 3) . We speculate that the weakness of the spectral signal of group 3 (Figure 3d ) is due to its low contribution to the whole diatom community, compared to the relative abundance of group 5 for instance, and the dominant contribution of SE monsoon season diatoms over other groups [Romero et al., 2009] .
[41] In spite of the fact that the preserved signal of group 2 (intermonsoon) might be slightly biased (see subsection 6.1.), the spectral signal delivered in the $23 ka band suggests that diatoms in waters overlying site GeoB10038-4 responded to periods of strengthened intermonsoon accompanied by generally weaker SE monsoon (deep ML depth and reduced nutrient content) throughout the past 130 ka. Highest relative values of group 2 during insolation minima (except for early to mid MIS 5; Figures 5c and 5e) are interpreted as the response of diatoms to the weakening of monsoon winds following the relaxation of the atmospheric pressure gradient over eastern Asia [Sun et al., 2006] and the weakening of upwelling intensity along southern Sumatra.
[42] The highest contribution of oligo-to mesotrophic group 1 from early MIS 4 through late MIS 2 matches well with the lowest total diatom concentration at site GeoB10038-4, hence reflecting the weakening of the upwelling intensity (see subsection 6.1.) In addition to the high relative contribution of Alveus, Azpeitia, Roperia, and Thalassiothrix (group 1) during MIS 3 and MIS 2, high amounts of fragments of Ethmodiscus are observed at site GeoB10038-4 between 54 and 35 ka (Figure 2 ). The occurrence of abundant Ethmodiscus in glacial sediments of the pelagic easternmost Indian Ocean has been previously associated with intense upwelling and silica-enriched thermocline waters [Broecker et al., 2000] . As demonstrated by the dominance of group 1 between 56 and 16 ka and the low contribution of group 5 (Figures 2c and 2g) , blooms of Ethmodiscus off southern Sumatra were restricted to periods of moderate to weak upwelling. A similar scenario has already been proposed for a deep-sea core in a nearby location. De Deckker and Gingele [2002] concluded that Ethmodiscus bloomed under glacial conditions in the SE Indian Ocean, though no intense upwelling and high productivity in the photic zone engendered and accompanied its occurrence.
Conclusions
[43] The comparison of the downcore diatom signal at site GeoB10038-4 with the record generated by a previous sediment trap study off southern Java and surface sediments from nearby locations reveals that modern environmental conditions are well recorded by the preserved diatom community in sediments along the southern coast of Sumatra and Java.
[44] Our study presents the first late Pleistocene diatom record from low-latitude oceans with predominant interglacial, rather than glacial, diatom productivity. The input of lithogenics through the flooding of the exposed Sundaland during glacials probably acted as an important source of nutrient supply during MIS 5 and MIS 1. Superimposed on the unique pattern of interglacial highs, the total diatom Tables 2 and 3 for the species composition of diatom groups.
concentration shows full and half precessional cyclicities during the last glacial-interglacial cycle. We suggest that boreal summer insolation and the varying strength of the seasonal monsoon system additionally controlled the nutrient content of the upwelled waters and the mixed layer depth, and hence the dynamics of diatom productivity in the westernmost IPWP.
[45] Although no unique diatom group closely matches the glacial-interglacial variability of the total diatom concentration, some groups are reliable indicators of upwelling and non-upwelling modes. The downcore occurrence of diatoms indicative of highly productive coastal waters (group 5) reflects the SE monsoon upwelling signal for the late Quaternary along the southern coast of Sumatra. Mechanisms responsible for the match between the temporal variations of group 5 and the solar insolation at full and half precessional cyclicities are analogous to those behind the present-day dynamics of the diatom production during the SE monsoon season. During periods of low diatom productivity (substages of MIS 5, and MIS 2-4), diatoms of low productivity waters (groups 1 and 2) mirror non-or weak upwelling modes in the westernmost IPWP.
[46] In addition to other recent reconstructions of diatom paleoproductivity in low-latitudes coastal oceans [Romero et al., 2008 [Romero et al., , 2011 , results at site GeoB10038-4 show the relevance of producing high-resolution data from different regions of the world ocean in order to test the effect of wind strength and migration, the variations of the mixed layer depth, and the availability of nutrients in surface waters on diatom productivity on both the Milankovitch and subMilankovitch timescales.
